Abstract Peripheral neuropathy is one of the important manifestations of Fabry disease. Enzyme replacement therapy with presently available recombinant a-galactosidases does not always improve the Fabry neuropathy. But the reason has not been determined yet. We established a Schwann cell line from Fabry mice, characterized it, and then examined the uptake of a-galactosidase by cells and its effect on the degradation of accumulated substrate. The cells exhibited a distinct Schwann cell morphology and biochemical phenotype (a-Galactosidase activity was deficient, and numerous cytoplasmic inclusion bodies were present in the cells). A recombinant a-galactosidase added to the culture medium was incorporated into the cultured Fabry Schwann cells dose dependently. But the increase in cell-associated enzyme activity was less than that in the cases of human and mouse Fabry fibroblasts. The administration of a high dose of the enzyme improved the pathological changes in cells, although a low dose of it did not. Cellular uptake of the enzyme was strongly inhibited in the presence of mannose 6-phosphate. This suggests that the enzyme is incorporated via cation-independent mannose 6-phosphate receptors in Schwann cells. The low expression of cation-independent mannose 6-phosphate receptors in Schwann cells must be one of the reasons their uptake of the present enzymes was low. The administration of a high dose of the enzyme or the development of an enzyme containing many mannose 6-phosphate residues is required to improve Fabry neuropathy.
Introduction
Fabry disease (MIM 301500) is a genetic disorder caused by a deficiency of lysosomal a-galactosidase (EC 3.2.1.22) (Desnick et al. 2003) . The enzymatic defect causes the progressive accumulation of globotriaosylceramide in various organs and tissues, which results in clinical manifestations, including pain in the peripheral extremities, acroparesthesia, disorders of the autonomic nervous system, angiokeratoma, hypohidrosis, corneal opacity, gastrointestinal symptoms, and renal, cardiac, and systemic vascular diseases.
Recently, recombinant human a-galactosidases produced in mammalian cells were developed for enzyme replacement therapy (ERT) for Fabry disease (Schiffmann et al. 2000; Eng et al. 2001a Eng et al. , 2001b . One of them, agalsidase beta produced in Chinese hamster ovary cells, has been reported to be well incorporated into microvascular cells and to degrade endothelial deposits of globotriaosylceramide in the kidneys, heart, and skin in patients with Fabry disease (Eng et al. 2001b) . However, ERT with a recombinant enzyme does not always improve the peripheral neuropathy (Eng et al. 2001b; Hilz et al. 2004) . As the painful peripheral neuropathy seriously affects the quality of life of patients with Fabry disease, improved incorporation of a-galactosidase into the peripheral nervous system is desired.
In this study, we established a spontaneously immortalized Schwann cell line from dorsal root ganglia and peripheral nerves of Fabry mice and investigated their uptake of agalsidase beta and the effect of the incorporated enzyme on the degradation of intracellularly accumulated substrate.
Materials and methods
Animals and cell culture C57BL/6 Fabry mice produced by targeting of the Gla gene, which encodes mouse a-galactosidase (Oshima et al.1997) , were used in this experiment according to the rules drawn up by the animal care committee of our institute. Primary and long-term cultures of dorsal root ganglia and adjacent peripheral nerves derived from Fabry mice were performed according to the method previously described (Watabe et al. 1990 (Watabe et al. , 1995 . After 6 months in culture, spontaneously emerging colonies were isolated using cloning rings and expanded further. Among them, a Schwann cell line established from a Fabry mouse (1089C1) was cultured in Iscove's modified Dulbecco's minimum essential medium containing 5% fetal calf serum, 50 U/mL penicillin, and 50 lg/mL streptomycin at 37°C under 5% CO 2 . For immunofluorescence and electron microscopy, cells were seeded on poly-L-lysine-coated 9 mm ACLAR round coverslips (Allied Fibers and Plastics, Pottsville, PA, USA) at a density of 1-2 9 10 4 cells per coverslip. A Schwann cell line, IMS32 (Watabe et al. 1995) , derived from a CD-1 (ICR) wild-type mouse was used as a control. Cultured skin fibroblasts from a patient with Fabry disease (F377), a healthy subject (F592), a Fabry mouse (F666), and a wild-type mouse (F665) were established and cultured in Ham's F-10 medium containing 10% fetal calf serum and antibiotics under 5% CO 2 . The ethical committee of our institute approved the study involving the cultured human fibroblasts, and they were obtained with agreement of the patient and the control subject.
Polymerase chain reactions for determination of the genotype and identification of Schwann-cell-associated molecules Confirmation of the genotype of the established cultured mouse Schwann cells was performed by means of polymerase chain reactions (PCR). The sequences of the genomic PCR primers were as follows: AGALA1, 5 0 -GGATTTATGCAGATGTTGGG-3 0 (exon 3, forward); AGALA2,5 0 -TGGCTAGACCTTTTACTTGG-3 0 (intron 3, reverse); pMC1neopAF, 5 0 -TCATCTCACCTTGCTC CTGC-3 0 (neo, forward); and pMC1neopAR, 5 0 -TAT-GTCCTGATAFCGGTCCG-3 0 (neo, reverse). The PCRs comprised 30 cycles of 95°C for 1 min, 55°C for 1.5 min, and 72°C for 1.5 min with a combination of primers, AGALA1/AGALA2 (AGALA1/2), AGALA1/pMC1neo-pAR, or pMC1neopAF/pMC1neopAR (pMC1neopAF/R).
Reverse transcription (RT) followed by PCR was performed to identify Schwann-cell-associated molecules, i.e., S100, p75 NTR , L1, peripheral myelin protein-0 (P0), growth-associated protein 43 (GAP43), UDP-galactose ceramide galactosyltransferase (CGT), and myelin and lymphocyte protein (MAL), as described elsewhere (Watabe et al. 2001 (Watabe et al. , 2003 . The mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene, a ubiquitously expressed housekeeping gene, was used as an internal marker of mRNA integrity (forward; 5 0 -GTCTTCAC-CACCATGGAGAA-3 0 , reverse; 5 0 -GCTTCACCAC CTTCTTGATG-3 0 ).
Immunocytochemical analysis of Schwann-cellassociated markers
To characterize the established cultured Schwann cells, immunocytochemical analysis of S100, p75 NTR , and glial fibrillary acidic protein (GFAP) was performed, as described previously (Watabe et al. 1995 (Watabe et al. , 2003 .
Assaying of a-galactosidase activity and protein determination a-Galactosidase activity was measured fluorometrically with 4-methylumbelliferyl-a-D-galactopyranoside (Calbiochem, San Diego, CA, USA) as a substrate in the presence of N-acetylgalactosamine (Sigma, St Louis, MO, USA) as a specific inhibitor of a-N-acetylgalactosaminidase, according to the method previously reported (Mayes et al. 1981) .
Protein determination was performed with a Bio-Rad dyebinding assay kit (Bio-Rad, Hercules, CA) using bovine serum albumin as a standard.
Administration of agalsidase beta to cultured mouse Fabry Schwann cells, cultured mouse wild-type Schwann cells, cultured mouse Fabry fibroblasts, and cultured human Fabry fibroblasts
To examine the uptake of a recombinant a-galactosidase by cultured mouse Fabry Schwann cells, cultured mouse wildtype Schwann cells, cultured mouse Fabry fibroblasts, and cultured human Fabry fibroblasts, agalsidase beta was added to the culture medium of the cells to give concentrations of 0, 1.0, and 3.0 lg/mL. Furthermore, the mouse Fabry Schwann cells were cultured in the medium containing 10.0 lg/mL of the enzyme. For examination of the inhibitory effect of mannose 6-phosphate (M6P) on the cellular uptake of agalsidase beta, the cells were cultured in medium containing 5 mmol/L M6P and 3.0 lg/mL agalsidase beta. After 24-h culture, the cells were harvested mechanically, washed three times with phosphate-buffered saline (PBS), pH 7.4, and then collected as a pellet by centrifugation. An appropriate amount of water was then added to the pellet, and the cells were ultrasonicated. The resulting homogenate was used for the a-galactosidase assay and protein determination.
Electron microscopy A morphological study was performed to examine the effect of agalsidase beta on the degradation of globotriaosylceramide accumulated in cultured mouse Fabry Schwann cells. Cells were cultured in six-well plates with medium containing 3.0 and 10.0 lg/mL agalsidase beta for 24 h. Then, the cells were washed and subjected to electron microscopic examination. The cells were fixed in PBS containing 2.5% glutaraldehyde and 2% paraformaldehyde, postfixed in 2% osmium tetroxide, dehydrated through a graded ethanol series, and embedded in Epon 812. Ultrathin sections were mounted on copper grids, contrasted with uranyl acetate and lead citrate, and finally examined under an electron microscope (Hitachi H-7100; Hitachi, Tokyo, Japan) (Kanzaki et al. 1989 ).
Western blot analysis
To determine the expression of cation-independent M6P receptor (C-I M6PR; C-I M6PR is known to be the same protein as insulin-like growth-factor-II receptor) (Tong et al.1988) in human tissues, a Western blot analysis was performed using commercially available Insta-Blot Human tissues (Imgenex, San Diego, CA, USA) as samples, according to the method described previously (Tajima et al. 2007 ). The human tissues (each 20 lg protein) were separated on gels and transferred to a blot. Then, the blot was simultaneously reacted with goat polyclonal antibodies to human C-I M6PR (1:500 diluted) (R and D systems, Minneapolis, MN, USA) and a mouse monoclonal antibody to actin clone C4 (1:500 diluted) (Chemicon, Temecula, CA, USA) as an internal control. Then, the blot was reacted with peroxidase-conjugated donkey anti-goat secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA) and with peroxidase-conjugated donkey anti-mouse IgG secondary antibodies (Amersham Pharmacia Biotech, Arlington Heights, IL, USA). Finally, the blot was developed with enhanced chemiluminsecence (ECL) (Amersham Pharmacia Biotech) as a chemiluminescent substrate on Hyperfilm TM ECL (Amersham Pharmacia Biotech).
Results

Characterization of the established Schwann cells derived from a Fabry mouse
Schwann cell lines established from Fabry and wild-type mice were spindle-shaped and not contact-inhibited. To determine the genotype of the established Schwann cells, those designated as 1089C1 and IMS32 cells, respectively, were used as representatives in this study. A genomic DNA fragment of 452 bp was amplified by means of PCR with the primer pair of AGALA1/2 for the wild-type locus and 1,250 bp and 368 bp DNA fragments with those of AGALA1/pMC1neopAR and pMCneopAF/R, respectively, for the targeted locus. As shown in Fig. 1 , both the 1,250-bp and 368-bp DNA fragments for the targeted locus were detected for 1089C1, whereas a 452-bp band for the wild-type locus was observed for IMS32. The results showed that the Gla gene of 1089C1 is disrupted and contained a neo-gene-expression cassette (Oshima et al. 1997) .
RT-PCR analysis demonstrated mRNA expression of Schwann-cell-associated molecules, S100, p75 NTR , L1, P0, GAP43, CGT, and MAL in 1089C1 cells (Fig. 2a) , whereas they were hardly detected in Fabry mouse fibroblasts (F666 cells) (Fig. 2b) . The 1089C1 cells were intensely immunostained for S100, p75 NTR and GFAP (Fig. 3) . These results indicate the distinct Schwann cell phenotype of 1089C1 cells.
a-Galactosidase activity in cultured mouse Fabry Schwann cells (1089C1) was about 1% of the control value (Table 1 ). An electron-microscopic study revealed cytosolic lamellar inclusion bodies in 1089C1 cells, showing the membranous accumulation of undegraded globotriaosylceramide that is characteristic of Fabry disease (Fig. 4b) .
These inclusion bodies were not seen in IMS32 cells (Fig. 4a) .
Enzyme replacement effect of agalsidase beta on cultured mouse Fabry Schwann cells and cultured mouse and human Fabry fibroblasts
The uptake of the recombinant a-galactosidase, agalsidase beta, by mouse Schwann cells (1089C1) was investigated and compared with that by mouse (F666) and human (F377) Fabry fibroblasts. As shown in Table 1 , the cell-associated agalactosidase activity increased dose dependently when the cells were cultured in culture medium containing agalsidase beta for 24 h. Dose dependence was detected up to 30 lg/mL (data not shown). The increase in the enzyme activity was lower in the Schwann cells than in the fibroblasts. The uptake of the recombinant a-galactosidase by mouse Fabry Schwann cells was strongly inhibited in the presence of 5 mmol/L M6P in the culture medium (Table 1) .
The effect of incorporated agalsidase beta on the clearance of intracellular inclusion bodies resulting from the accumulation of globotriaosylceramide in 1089C1 cells was morphologically investigated. A decrease in the number of inclusion bodies was not observed after 24 h in the culture medium containing 3.0 lg/mL agalsidase beta (data not shown), although intracellularly deposited globotriaosylceramide was apparently decreased in the case of cultured Fabry fibroblasts (F377), as described previously (Sakuraba et al. 2006a (Sakuraba et al. , 2006b . The administration of a high dose (10.0 lg/mL) of the enzyme apparently decreased the number of inclusion bodies in the cells (Fig. 4c) .
Expression of C-I M6PR in human tissues
The results of Western blotting for C-I M6PR in human tissues are shown in Fig. 5 . Bands corresponding to the 250 kDa C-I M6PR and the 42 kDa actin were detected for the brain (lane 1), kidney (lane 2), and liver (lane 3) tissues. However, the amount of expressed C-I M6PR protein in the 
Discussion
Two different human recombinant a-galactosidases, agalsidase alfa (Replagal 1 ; Shire, Basingstoke, UK) and agalsidase beta (Fabrazyme 1 ; Genzyme, Cambridge, MA, USA), have been developed for ERT for Fabry disease. Agalsidase alfa, produced in cultured human fibroblasts, has been approved in Europe and Japan, and the use of 0.2 mg/kg body weight is recommended for Fabry patients. On the other hand, agalsidase beta, generated in cultured Chinese hamster ovary cells, has been approved in Europe, USA, and Japan, and the use of 1.0 mg/kg body weight is Fig. 3 Phase-contrast and immunofluorescence microscopy of 1089C1 cells. a Phase-contrast microscopy; b immunofluorescence of S100; c p75 NTR ; d GFAP. Scale bars = 50 lm Table 1 Cell-associated a-galactosidase activity in cultured mouse Schwann cells and cultured mouse and human fibroblasts after the addition of various doses of agalsidase beta to the culture medium recommended. Comparative studies on agalsidase alfa and agalsidase beta revealed that agalsidase beta contains a higher level of M6P (3.1 mmol/mol protein) than does agalsidase alfa (1.8 mmol/mol protein), although the protein sequence is the same for the two products (Lee et al. 2003) . Eng et al. (2001b) reported that microvascular endothelial deposits of globotriaosylceramide were remarkably decreased by ERT with agalsidase beta but that no significant difference was observed in regard to improvement in neuropathy between Fabry patients treated with agalsidase beta and those treated with a placebo. Schiffmann et al. (2006) reported the autopsy results for a 47-year-old man who was on ERT for more than 2 years before he died. They revealed that repeated infusions with agalsidase beta over a prolonged period did not appreciably remove storage material from tissues, including dorsal root ganglia, other than vascular endothelial cells. Hilz et al. (2004) reported that ERT with agalsidase beta improved the Fabry neuropathy, but a lack of recovery in some patients with abnormal cold or heat pain perception was found. These findings suggest low uptake of the recombinant a-galactosidase by neural cells.
Lysosomal enzymes including a-galactosidase are known to be synthesized in the rough endoplasmic reticulum and are modified through the addition of sugar chains. Then they are transferred to the Golgi apparatus, where the addition of M6P residues to the nonreducing ends of the sugar chains occurs, and are transported to endosomes through a C-I M6PR (Dahms et al. 1989) . The enzymes could also be incorporated into various types of cells via C-I M6PRs on the surface of the cells.
In this study, we established a spontaneously immortalized Schwann cell line, 1089C1, from Fabry mice. It has a disrupted Gla gene allele and exhibits a distinct Schwann cell morphology and biochemical phenotype. Enzyme assays revealed a deficiency of a-galactosidase activity, and cytoplasmic lamellar inclusion bodies were found in the cells, these being biochemical and pathological characteristics of Fabry disease.
Pathological analyses revealed that globotriaosylceramide was deposited in neurons, Schwann cells, and perineural sheath cells of peripheral nerves (Desnick et al. 2001) , and the accumulation of globotriaosylceramide must affect the peripheral nervous system, resulting in Fabry neuropathy. A recombinant a-galactosidase, agalsidase beta, added to the culture medium of mouse Fabry Schwann cells was incorporated dose dependently. But the increase in cell-associated a-galactosidase activity was less than that in the cases of mouse and human Fabry fibroblasts. Intracellular inclusion bodies in mouse Fabry Schwann cells could not be cleaved even on the addition of 3.0 lg/mL agalsidase beta, although this is Fig. 5 Western blotting of C-I mannose 6-phosphate receptor (M6PR). The expression of C-I M6PR in human tissues, including brain, kidney, and liver, was examined by means of Western blotting. Actin was used as an internal control. Lane 1, brain; lane 2, kidney; lane 3, liver completely sufficient to remove the storage materials from human Fabry fibroblasts (Sakuraba et al. 2006a (Sakuraba et al. , 2006b .
As the uptake of the enzyme was strongly inhibited by the addition of M6P to the culture medium for both cultured Schwann cells and cultured fibroblasts, it is thought that the recombinant a-galactosidase was incorporated mainly via C-I M6PRs on the cell membrane. To examine the expression of C-I M6PRs in nervous tissues, we performed Western blotting analysis of C-I M6PRs using human tissues, including brain, kidney, and liver as samples. Unfortunately, we could not obtain human peripheral nervous tissues. The antibody, which is available for Western blotting, is that raised to human C-I M6PR and does not cross-react mouse C-I M6PR. So, we used human brain tissues, including neuron, oligodendroglia, and astroglia, as samples for Western blotting for reference, although those tissues do not contain Schwann cells. The results revealed that the expression of C-I M6PRs in the neural tissue is lower than in the kidney and liver tissues. The low expression of C-I M6PRs in neural cells, including Schwann cells, must be one reason their uptake of the enzyme is low and is not effective for the peripheral neuropathy in Fabry disease.
In conclusion, we established a cultured Schwann cell line from Fabry mice and investigated the uptake of a recombinant a-galactosidase, agalsidase beta, in comparison with that by cultured mouse and human Fabry fibroblasts. The experiment revealed the low uptake of the enzyme into the Schwann cells. To improve ERT for Fabry neuropathy, we should develop a recombinant a-galactosidase containing many M6P residues.
